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We introduce a fully coherent way for directed transport of localized atoms in optical lattices by regularly
performing phase shifts on the lattice potential during the free evolution of the system. This paves the way for
realizing a possible cold atom quantum computer in which entangling gates operate by bringing two individual
atoms in the proximity of each other and letting them to interact. The speed of our protocol is determined by
the tunneling amplitudes of the atoms and thus is much faster than the speed of the dynamics resulted from
superexchange interaction in spin chains. Our scheme is robust against possible imperfections and perhaps its
main advantage is its simplicity where all of its requirements have been already achieved in recent experiments.
PACS numbers: 67.85.-d, 03.67.Hk, 03.67.Bg, 03.67.Ac
I. INTRODUCTION
Mediating interaction between arbitrary pairs in a network
of qubits is essential for realizing two-qubit entangling gates
and thus for universal quantum computation [1]. Spin chains
are the most common quantum buses where their evolution
mediate quantum gates between distant points [2–6]. How-
ever, to avoid their dispersion one has to either delicately en-
gineer the couplings [3, 4] or switch to super slow perturbative
regimes [5, 6]. To have both the flexibility and the speed one
may think of using mobile qubits as interaction mediators [7].
To fulfil this idea one invokes that: (i) the mobile qubit should
always remain localized during its transport to selectively in-
teract with ceratin qubits; (ii) the transport itself should be de-
terministic to allow for set times at which the interaction with
the qubits in the network should be switched on. These con-
ditions are ultimately essential for a quantum computer and
in this perspective the main goal of this paper is to propose
a coherent mechanism for deterministic directed transport of
individual atoms in a simply realizable setup.
Directed transport of atoms in the absence of external bi-
ased forces in a periodic structure, known as ratchet effect, has
been achieved by breaking certain temporal and spatial sym-
metries of the Hamiltonian with the means AC-driving fields
in both dissipative [8, 9] and non-dissipative systems [10, 11].
However, in these scenarios one can only talk about a net cur-
rent of an atomic cloud (∼ 104 atoms) which is quantified by
the velocity of its center of mass [8–11] and the resulted dy-
namics is not “deterministic” for individual atoms and they do
not remain “localized” during the transport process. One may
also use AC-driving fields to renormalize the tunneling ampli-
tudes [12], without breaking the symmetries of the Hamilto-
nian, which then can be used for controlled transport of local-
ized atoms [13, 14] or quantum states [15, 16], however, the
price is a complicated setup and a slow dynamics caused by
the emergence of the weak renormalized couplings. Optimal
control theory can also be used to improve the speed of the
AC-driven transport [17].
Cold atoms in optical lattices is now a very fast developing
field [18]. Implementation of both spin s = 12 ladders and s
= 1 chains with cold atoms in an optical lattice has been in-
troduced [19]. Moreover, generating a Mott insulator phase,
with exactly one atom per site, is an ordinary experiment now
[20] which enables for realizing effective spin Hamiltonians
[21] via superexchange interaction. Since, this is a second or-
der process the effective spin couplings are 4J2/U (where, J
is the tunneling and U is the onsite energy). These weak cou-
plings not only result in very slow dynamics [4, 13, 22] but
also demand very low temperatures for observing magnetic
phases [23]. To avoid slow dynamics, new experiments get
benefits of the the direct tunneling of particles, which are con-
trolled by J instead of 4J2/U [13, 24]. Moreover, single site
resolution in current experiments [25, 26] allows for single
qubit operations and measurements [26, 28–30]. A series of
multiple two-qubit gates, acting globally and simultaneously,
has been also realized [31] between neighboring atoms. Un-
fortunately, generalization of this method to distant qubits is
restricted by decoherence to only ∼ 10 sites [32]. Further-
more, fast generation of a quantum register and creation of the
entangled states by dynamically manipulating the shape of the
lattice potential in optical superlattices has been investigated
[33].
In this paper we study the transport of neutral atoms in opti-
cal lattices through iterative swapping procedure by regularly
performing phase shifts on the lattice potential. In Ref. [15]
the swapping procedure is realized through time modulation
of the intensity of the laser beams which gives essentially the
same dynamics, as performing phase shifts, within a double
well. Our proposal has the advantage of its simplicity for
performing phase shifts. However, apart from the technical
issues, there are certain points which have been remained un-
touched for performing iterative swapping, either realized by
phase shifts or amplitude modulation, in a realistic scenario.
We give a comprehensive analysis for a number of imperfec-
2FIG. 1. (Color online) (a) A superlattice containing one atom in site
1, N and the tunnelings J . (b) Applying a phase shift, after accom-
plishing the tunneling, changes the lattice potential and exchanges
the odd and even tunnelings.
tions which have not yet been addressed in the literature.
The structure of this paper is as follows: in section (II) we
introduce our model. In section (III) directed transport is ex-
plained. The time scale of our mechanism is discussed in sec-
tion (IV) and several possible imperfections are investigated
in section (V). A comparison with other transport mechanisms
is given in section (VI) and a method for entanglement detec-
tion is introduced in section (VII) . We finally summarize our
results in section (VIII) and acknowledgement is in section
(IX).
II. INTRODUCING THE MODEL
We consider an optical superlattice formed by two different
set of counter propagating laser beams where one frequency
is twice the other. The resulting potential is
V (x) = Vl cos
2(2πx/λl) + Vs cos
2(2πx/λs + φ) (1)
where, λl = 2λs are the wave lengths, Vl and Vs are the am-
plitudes and φ is the phase shift between laser beams. This po-
tential has already been used in AC-driven lattices for control-
ling the couplings [13]. A superlattice can also be realized by
combining different polarizations of a single frequency laser
beam [34]. The low energy Hamiltonian of atoms trapped by
V (x) is [21]
H = −
∑
<i,j>,σ
(Jia
†
i,σaj,σ +H.C.) +
U
2
∑
i,σ
ni,σ(ni,σ − 1)
+
U
2
∑
i
ni,↑ni,↓, (2)
where, < i, j > denotes the nearest neighbor sites, ai,σ an-
nihilates one atom with spin σ =↑, ↓ at site i, and ni,σ =
a†i,σai,σ . The tunneling Ji’s are controlled by the amplitudes
Vl and Vs such that all even (odd) couplings take the same
amplitude Je (Jo). Changing the phase shift φ from 0 to π/2
displaces the lattice potential by λs and thus exchanges the
even and odd couplings. We assume that the amplitudes Vl
and Vs are tuned such that we get Jo = J and Je = 0 for
φ = 0 (see Fig. 1(a)) and Jo = 0 and Je = J for φ = π/2
(see Fig. 1(b)). This choice of couplings make the system a
series of decoupled double wells with independent dynamics.
III. DIRECTED TRANSPORT
Here we consider a superlattice potential with φ = 0 for
which Jo = J and Je = 0. As the result, a single atom local-
ized at a single site, is subjected to a double well potential as
shown in Fig. 1(a). The dynamics of this system has been first
analyzed in Ref. [15] for both noninteracting and interacting
atoms in a double-well problem. Furthermore, optimal quan-
tum control have been investigated for smoothly increase and
decrease of the tunneling barriers. In this section we review
the results of Ref. [15] to determine the notation for the rest
of the paper. We denote the state of the atom localized in the
left (right) site as |σ, 0〉 (|0, σ〉) where, σ represents the spin of
the atom and 0 denotes an empty site. The evolution of these
states in a double well are given by
|σ, 0〉 → cos(Jt)|σ, 0〉 + i sin(Jt)|0, σ〉
|0, σ〉 → cos(Jt)|0, σ〉+ i sin(Jt)|σ, 0〉. (3)
At a deterministic time th = pi2J , atom is completely hopped
to the next site leaving its initial site empty. When tunnel-
ing is completed after t = th, by performing a phase shift
φ = π/2 to the lattice potential, all the large (small) barriers
in the potential are replaced by small (large) ones, as shown in
Fig. 1(b), and atom thus resides in a new double well. So, the
dynamics of Eq. (3) is repeated and atom hops one site further.
Repeating this process for N − 1 times transports the atom
from site 1 to site N and with choosing the initial phase φ
one can determine the direction of transport towards the right
or left. According to Eq. (3) at each hopping step, there is a
global phase which is independent of internal state σ and is
neglected in the rest of the paper. In the case that both atoms
sit in even or odd sites they hop together in the same direction
and thus never reach each other. To bring them together one
can load up one of the atoms while after a hopping time an-
other atom tunnel to its neighboring site. By this mechanism,
two atoms sit in even-odd sites and can be transported towards
each other.
In this common double well atoms interact and thus the
quantum gate is realized. The Hilbert space of two atoms in a
double dot is spanned by |σ, σ′〉, |0, σσ′〉 and |σσ′, 0〉 where,
0 represents an empty site, σ, σ′ =↑, ↓ and two sites are sepa-
rated by “,”. The evolution can be written as
|σ, σ〉 →Aσ,σ(t) |σ, σ〉 + Cσ,σ(t)(|σσ, 0〉 + |0, σσ〉)
|σ, σ′〉 →Aσ,σ′(t)|σ, σ′〉+ Bσ′,σ(t)|σ′, σ〉+
Cσ,σ′(t)(|σσ′, 0〉+ |0, σσ′〉), for σ 6= σ′ (4)
where
Aσ,σ(t) = cos(sUt/2) +
i
s
sin(sUt/2)
Cσ,σ(t) = i
2
√
2J
sU
sin(sUt/2)
3Aσ,σ′(t) =
eiUt/4
2
+
1
2
(cos(s′Ut/4) +
i
s′
sin(s′Ut/4))
Bσ,σ′(t) = −e
iUt/4
2
+
1
2
(cos(s′Ut/4) +
i
s′
sin(s′Ut/4))
Cσ,σ′(t) =
i4J
s′U
sin(s′Ut/4), (5)
for s =
√
1 + 16J2/U2 and s′ =
√
1 + 64J2/U2. This dy-
namics may look very complicated but in the limit of J ≪ U ,
where the double occupancy is negligible and Hamiltonian is
effectively an XX spin Hamiltonian with superexchange cou-
pling Jex = 4J2/U [21], is simplified to
|σ, σ〉 → |σ, σ〉
|σ, σ′〉 → cos(Jext)|σ, σ′〉+ i sin(Jext)|σ′, σ〉. (6)
This dynamics explains a conditional gate acting on two
qubits and in particular after interacting for tI = pi2Jex it gener-
ates a maximally entangled state from a fully separable initial
state | + +〉 where, |+〉 = (| ↑〉 + | ↓〉)/√2. It is important
to notice that U cannot be arbitrarily large as the interaction
time tI increases by increasingU . When interaction is accom-
plished, both atoms are directed back to their initial sites and
by switching on the local traps they are returned back to their
original confinements.
IV. TIME SCALE
The total time needed for bringing two atoms together from
a distance N , let them interact to get entangled and then re-
store them back in their initial positions is tT = (N−2)th+tI .
By considering the values of th and tI one reads tT =
pi(N−2)
2J +
piU
8J2 . This time scale is much faster than those from
spin chains which scale as ∼ NU/4J2 [4, 22], as only one
step during the process is governed by superexchange cou-
pling Jex and the rest is controlled by J . To have some es-
timations for tT we take the parameters of a very recent ex-
periment [13] where, J/h ≃ 1.5 KHz and Jex/h ≃ 250 Hz
(these give U ≃ 25J). For a distance of N = 100, taking
these values gives us tT ≃ 17 ms which is well below the
typical decoherence time of the internal levels (≃ 10 minutes
[40]). For comparison, we use the same parameters and take
the proposal of Ref. [22], which uses superexchange interac-
tion to distribute entanglement, that gives the time scale of
∼ 100 ms for the distance of 100 sites. This shows that our
mechanism is faster by at least a factor of 5.
V. IMPERFECTIONS
In any experiment there might be some imperfections for
realizing a theoretical idea. For the above proposal, these im-
perfections introduce as follows.
A. Double occupancy
The first imperfection effect is double occupancy, where
two atoms occupy the same site, when they reach to a com-
mon double well. When the initial state of two atoms in
a double well is | + +〉 this probability becomes Pdoub =
(|C↑↑|2 + |C↓↓|2 + |C↑↓|2 + |C↓↑|2)/4. A typical value of
U = 25J [13] which is used in all our simulation, gives
Pdoub < 0.02 which guarantees that the double occupancy is
negligible. It is worthwhile to mention that during the trans-
port part of our mechanism there is no need for large U as we
do not have two atoms in a single double well and only during
the interaction time lattice potential should be tuned for large
U .
B. Leakage
In reality, it is very difficult to have a series of fully de-
coupled double wells as any non-zero tunneling through the
higher barriers diffuses the wave function and spoils both the
localization of the wave function and the deterministic time
evolution of the transport. To see this effect we assume that
the even and odd couplings are collectively switched from
Jmax = J(1 + δ)/2 to Jmin = J(1 − δ)/2 and vice versa,
where, δ is a dimensionless parameter less than 1. The ideal
situation, explained in previous sections, corresponds to δ = 1
which gives the desired values of Jmax = J and Jmin = 0.
Our numerical simulations, however, show that for δ = 0.99
the probability of transferring a particle over a distance of
N = 100 remains above 0.9. The couplings of the system
are related to the potential barriers through [21]
Jmin =
4√
π
{ERl (Vs + Vl)3}1/4e−2
√
(Vs+Vl)/ERl ,
Jmax =
4√
π
(ERs V
3
s )
1/4e−2
√
Vs/ERs , (7)
where, ERj = h2/2mλ2j (for j = s, l) are recoil energies in
which m is the atomic mass. For typical experimental values
of Vl = 40ERl and Vs = 7ERs = 28ERl [13, 42, 43] we get
Jmax/Jmin ≃ 200 which corresponds to δ = 0.99 and the
efficiency remains over 0.9 even for a transport over a large
distance of N = 100 sites.
C. Excitation of higher bands
The most important imperfection in our mechanism is per-
haps exciting the higher energy vibrational modes during the
operation of phase shifts. If higher modes are excited then we
get various hopping rates for different vibrational eigenstates
and thus the transport of atoms cannot simply be determined
by a single coupling J . As the result, the wave function de-
fuses to other sites and the protocol fails to give deterministic
transport of localized atoms, the main objectives of the whole
procedure. To quantify the details of this effect, evolution of
the localized atomic wave function is considered during the
operation of the phase shift. The spatial part of the wave func-
tion for both the ground and the first excited states of a double
well, formed by typical experimental values of Vl = 40ERl
and Vs = 7ERs [13, 42, 43], is plotted in the Fig. 2(a) where,
4FIG. 2. (Color online) (a) The wave function of the ground and the
first excited state of a double well. (b) ψ± as the superposition of
the ground and first excited wave functions. (c) The localized wave
function before phase shift operation. (d) The ideal scenario in which
the wave function remains unaffected after the phase shift operation.
ERl and ERs are the recoil energies. A localized wave func-
tion can be considered as the superposition of these two low
lying eigenvectors as |ψ±〉 = 1√
2
(|g〉 ± |e〉). The spatial parts
of these states are plotted in Fig. 2(b). To see how system
evolves during the application of the phase shift we determine
the evolution of the wave function of a single atom by solving
the time dependent Schro¨dinger equation
i~
∂ψ(x, t)
∂t
= − ~
2
2m
d2ψ(x, t)
dx2
+ V (x, t)ψ(x, t), (8)
where V (x, t) is given in Eq. (1) with φ linearly changes from
0 to π/2 over the time scale of τ and the the initial condition
is ψ(x, 0) = ψ+(x). Ideally, during the phase shift process
the wave function remains unaffected, as shown in Fig. 2(c)
and (d), and should have zero overlap with higher energy lev-
els. To quantify the quality of the operation we calculate the
fidelity between ψ(x, t) and ψ(x, 0) as
F (t) = |
∫
ψ∗(x, t)ψ(x, 0)dx|. (9)
In Figs. 3(a)-(c) we plot the fidelity F (t) as a function of
time within the time interval of [0, τ ] for different values of
τ . According to these results, the final fidelity, i.e. F (τ),
decreases with increasing τ . In Fig. 3(d), the final fidelity
F (τ) is plotted versus τ which evidently shows that to have
a fidelity larger than 0.95 the phase shift operation should be
accomplished in less than 5 µs which seems fully accessible
to current experiments [28].
D. Gradual switching
So far, we have assumed that applying the phase shift φ
is instantaneous, however, in real experiments it takes some
time to perform this phase shift [31, 32]. To see this effect we
FIG. 3. (Color online) The variation of fidelity F vs. the time for (a)
τ = 1 µs; (b) τ = 2 µs; and (c) τ = 10 µs. (d) The final fidelity
F (τ ) versus the switching time τ .
FIG. 4. (Color online) (a) P1N and C1N versus switching time τ/th
for a chain of length N = 100. (b) P1N and C1N versus distance N
for the switching time of τ = 0.1th (in both figures U = 25J).
assume that when odd (even) couplings, i.e. J0 (Je), change
from J (0) to 0 (J) this transition is linear in time and hap-
pens over a time period of τ . Similarly, when odd (even) cou-
plings change from 0 (J) to J (0) we assume a linear rise
(fall) over the same time period τ . The gradual switching of
the couplings couples different double wells along the lattice
and delocalizes the the atomic wave functions which has two
main effects: (i) atomic wave functions defuse over several
sites and thus atoms may not reach their destination with cer-
tainty; (ii) entanglement generation may be affected as atoms
may not both be localized in the same double well to interact.
To quantify these effects in the presence of gradual switching
of the couplings we assume that two atoms in the state |++〉,
initially localized in sites 1 and N , are directed towards each
other to interact and generate entanglement. At tT we expect
to have both atoms returned to their initial positions in a max-
imally entangled state, however, due to the effect of gradual
switching they may not be localized at sites 1 and N . So, we
project the state of the system to these two sites regardless of
their internal states. The probability of this projection is P1N
and determines the probability of finding atoms at sites 1 and
N . This projection can be done experimentally by taking a
fluorescent picture of the lattice at t = tT [25, 26] in which
with probability P1N atoms are found in sites 1 and N . Dur-
5ing the loading and fluorescence imaging the dipole trap for
determination of atomic Positions is upper than for manipula-
tion of the atoms. Furthermore, the particular exposure time of
the fluorescence imaging is chosen depending on the required
precision for the determination of atomic positions [27] and
also the wavelength and so the diffraction limit is chosen to
avoid any interaction with the internal state of the atoms [28].
Nevertheless, projecting atoms in their initial sites does not
guarantee that they are entangled as due to the delocalization
they may not reside in the same double well with certainty
during the interaction period to interact and get entangled. To
see this effect we take the density matrix of the atoms after
projection on sites 1 and N and compute their concurrence
C1N as a measure of entanglement [41]. In other words, C1N
quantifies the entanglement between the atoms provided that
they are found in sites 1 and N .
To have an estimation of τ needed for applying the phase
shift we take the results of Ref. [32] in which our desired
phase shift is performed over the time of τ ≃ 15 µs. For
a typical value of the tunneling such as J/h = 1.5 KHz
reported in [13] we get τ/th < 0.1. In Fig. 4(a) we plot
both P1N and C1N in terms of τ/th for a chain of length
N = 100 where, we have N − 1 gradual switching of the
couplings. As it is clear from the figure, there is plateau up
to τ ≃ 0.1th and beyond that even for a very pessimistic
value of τ/th = 0.15 we have P1N > 0.9. Entanglement
is even more robust and remains almost one for all values of τ
which shows that whenever atoms return to their initial posi-
tions, with probability P1N , entanglement is almost perfectly
achieved. In Fig. 4(b) we plot P1N and C1N versus the dis-
tance N when τ = 0.1th. This shows that system has a very
good scalability as P1N ≃ 0.94 for a distance of N = 140.
E. Imperfect phase shift
In reality it is difficult to apply phase shifts with exactly
φ = 0 and φ = π/2. As the result, at each phase shift op-
eration there is an error in the couplings of the system such
that the couplings change from J(1 − ǫ) to Jǫ (or vice versa)
in which ǫ is a dimensionless random number uniformly dis-
tributed between 0 < ǫ < σ and varies at each phase shift
operation. To see the effect of this imperfect phase shift, the
fidelity of a single atom transport from site 1 to site N = 100
has been calculated versus σ by averaging over 100 different
realizations at each value of σ. The result is plotted in Fig. 5
in which the fidelity stays above 0.95 for imperfections up to
σ = 0.01.
F. Different raising times
One may also worry about different raising times of the
atoms from local traps and loading them into the optical lat-
tice. This is not a big issue at all as the process of rasing
the atoms and loading them to the optical lattice is an adia-
batic process and should be accomplished very slowly [35].
So, one can control the speed of this process in such a way
FIG. 5. (Color online) Maximum amount of fidelity of 1 atom trans-
fer from the site 1 to site N = 100 versus the different amounts of
the random variable σ.
that both atoms fully load to the optical lattice before starting
their transmission. Furthermore, initially we can switch on a
very deep lattice to avoid tunneling of the atoms and give them
enough time to both reside in their position and then change
the deep lattice to the desired superlattice given in Eq. (1) by
changing the intensity and the phase of the laser beams.
VI. COMPARISON WITH AC-DRIVEN TRANSPORT
In a periodic lattice, one may use AC-driving fields for
breaking certain temporal and spatial symmetries to get
desymmetrized Floquet states in the spectrum of the periodic
Hamiltonian [9–11] and achieve an average rectified current
for an atomic cloud (∼ 104 atoms). For single atoms, this
does not give a “deterministic” transport in which atoms re-
main “localized”, the two key features essential for the pro-
posed quantum computer. At variance, as discussed in the
previous section, realistic situation for keeping mobile atoms
localized during their fast deterministic transport.
One may also use high frequency Ac-driving fields for
renormalizing the tunneling parameters [12] without breaking
symmetries. With a sinusoidal driving of amplitude K and
frequency ω the renormalization factor is J0(Kx/ω) where,
J0 is the zeroth order Bessel function of type one and x is
the distance between the two subsequent minima. In Refs.
[14, 16], this mechanism is used for switching off the even
or odd couplings alternatively to achieve directed transport
of atoms or quantum states. In this approach different dis-
tances x1 and x2 between alternating minima are used such
that J0(Kx1/ω) 6= 0 when J0(Kx2/ω) = 0 and vice versa.
So, when one set of couplings (even or odd) are switched off,
i.e. J0(Kx2/ω) = 0, the other set of couplings are also renor-
malized by the small numberJ0(Kx1/ω). Consequently, this
results in a slow evolution which practically shows no benefit
over spin chain superexchange dynamics [4, 22].
6VII. ENTANGLEMENT DETECTION
An entanglement witness is defined as an Hermitian opera-
tor such that its expectation value is positive for every separa-
ble state but negative for some entangled states [36] and will
have at least one negative eigenvalue [37]. Given these prop-
erties, this observableW reveals the presence of entanglement
in mixture ρAB on the composite system spaceHA⊗HB such
that tr(ρABW ) < 0 for entangled state but tr(ρABW ) ≥ 0
for all separable states [38]. To detect entanglement between
atoms residing in sites 1 and N , we introduce an entangle-
ment witness which its average value is negative for entangled
states and positive otherwise. Following the footsteps of the
Ref. [39] gives us
W =
1
2
{I − Z1YN − Y1ZN −X1XN}, (10)
where Xk, Yk and Zk are Pauli operators acting on qubit k
and I is identity operator. Local unitary operations on indi-
vidual atoms [25, 26] and single spin measurement [28] are
now available for atoms in optical lattices. However, due to
practical problems spin measurement might be restricted to Z
measurements [28]. So, to have only Z operation in the wit-
ness W we have to transform X and Y Pauli operators by
local rotations as X = hZh and Y = eipi4XZe−ipi4X where,
h = (X + Z)/
√
2 is the Hadamard gate. Notice that these
local operations do not need tight laser beams as the optical
lattice is almost empty.
VIII. SUMMARY
We introduced a fully coherent, fast and easily realizable
method for directed transport of localized atoms in optical su-
perlattices. Our proposal is based on performing phase shifts
regularly during the free evolution of the system. The features
of our proposal can be summarized as: (i) Atoms remain lo-
calized during their transport. Transporting process is also (ii)
coherent; (iii) fast and (iv) easily realizable in the laboratory.
These features help to realize a possible quantum computer
using local optical traps and an empty optical lattice. In con-
trast to superexchange interaction in spin chains (time scale
∼ NU/J2), our coherent mechanism is fast and works within
the time scale of∼ N/J and does not need sophisticated cool-
ing mechanisms. Furthermore, our proposal is fundamentally
different from the widely studied ratchet effect [8–11], caused
by breaking certain temporal and spatial symmetries. In fact,
in our protocol symmetries of the Hamiltonian are not broken
and it is the initial state which is desymmetrized. Unlike the
usual ratchet proposals, our mechanism is fully deterministic
and applicable for localized individual atoms. Our proposal
is also distinct by its faster speed in compare to the other AC-
driven transports which, similar to ours, do not break the sym-
metries and instead renormalize the tunnelings of the itinerant
atoms [14, 16]. In addition, we showed that our proposed sce-
nario is robust against several imperfections which makes it
accessible to current experiments and can be realized imme-
diately with current technology.
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